ABSTRACT To evaluate the effect of dietary rapeseed meal (RM) supplementation on cecal trimethylamine and bacteria in laying hens with different flavincontaining monooxygenase 3 (FMO3) genotypes, a 3 × 2 2-factorial arrangement was employed using FMO3 genotypes (AA, AT, and TT) and dietary RM (0 and 14% of diet) as the main effects. At 50 wk of age, 36 hens of AT genotype and 36 hens of TT genotype were randomly allotted to one of the 2 dietary treatments, and each dietary treatment consisted of 3 replicates with 6 birds each. A total of 12 hens with AA genotype were allotted to one of the 2 dietary treatments that consisted of 3 replicates with 2 hens. Hens were fed 0% RM in a corn-soybean (SM) diet for one wk before the 6-week feeding trial period. Dietary RM supplementation increased trimethylamine (TMA) concentrations in both egg yolks (P < 0.0001) and cecal chyme (P < 0.0001). Dietary RM supplementation increased bacterial abundance and diversity (P < 0.0001).
INTRODUCTION
The inherited metabolic disorder trimethylaminuria, known as fishy-egg tainting in hens and fish malodor syndrome in humans, is characterized by high levels of malodorous trimethylamine (TMA) in egg yolk (Hobson-Frohock et al., 1973) and human bodily secretions (Cashman et al., 2001 ). The inherited trimethylaminuria arises from mutations in the gene encoding flavin-containing monooxygenase 3 (FMO3). These mutations impair or abolish the ability of FMO3 to convert TMA to trimethylamine N-oxide (TMAO), and cause TMA accumulation and metabolism disorder (Ward et al., 2009) . In chickens, only the nonsynonymous mutation caused by the change of base ade-C 2017 Poultry Science Association Inc. Received June 3, 2016. Accepted November 16, 2016. 1 These authors contributed equally to this study. 2 Corresponding authors: wushugeng@caas.cn, or qiguanghai@caas.cn nine (A) to thymine (T) at nucleotide position 1,034 in the published cDNA sequence (gi: 18873598) has been reported to be highly associated with fish egg tainting (Honkatukia et al., 2005) . This mutation was further confirmed to be responsible for the elevated levels of yolk TMA and the subsequent fishy flavor in eggs (Ward et al., 2009; Wang et al., 2012) . According to the A/T polymorphism at position nt 1,034 of chicken FMO3 cDNA, individual hens could be genotyped as AA (homozygous normal), AT (heterozygous), and TT (homozygous tainting).
Rapeseed meal (RM) is a common feed ingredient for birds but is rich in sinapine, a TMA precursor. TMA metabolism load and fish odor syndrome of laying hens are often induced by feeding rapeseed meal (Ward et al., 2009) . But dietary addition of a combination of neomycin, metronidazole, and enrofloxacin reduced fishy-tainted eggs when hens were fed with rapeseed meal (Zentek et al., 2002) . Trimethylamine is mainly produced by microbial fermentation of dietary precursors in the cecum (Hobson-Frohock et al., 1977; Qiao and Classen, 2003) . Thus, the reduction in egg taint induced by antibiotics addition could be primarily attributed to the inhibition of intestinal microbiota. It also was supposed that both Enterobacteriaceae and gram-positive bacteria were involved in TMA formation in the gut (Zentek et al., 2002) . Further studies in human stool found that the majority of TMAproducing bacteria were Proteobacteria (Gammaproteobacteria and Deltaproteobacteria) and Firmicutes (Clostridia and Bacilli) by transcriptional analysis and culture-based experiments (Martínez-del Campo et al., 2015) . However, there is very little information concerning the specific bacterial genera or species responsible for TMA production when hens were fed with rapeseed meal. Whether the FMO3 genetic variation may influence gut microbiota composition has not been detected so far.
In the current study, we used next-generation highthroughput sequencing techniques to examine the effects of rapeseed meal diets and FMO3 genotype on the diversity and composition of cecal bacteria in hens. Compared to traditional microbiological techniques, these approaches provide a relatively comprehensive description of the gut microbiota, allowing identification of large numbers of previously undiscovered bacterial phylotypes. Herein, changes in the cecal microbiota and TMA concentrations in hens with different FMO3 genotypes fed with or without rapeseed meal supplementation were observed. Then the major TMAproducing bacterial phyla and the genera were identified by the correlation between the microbiotic abundance and TMA concentrations in cecal chyme.
MATERIALS AND METHODS

Animals and diets
All animal experimental protocols were approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences. Two-thousand Jing Brown Layers were selected for blood sampling via comb puncture. Blood samples were collected for genotype analysis of A-T polymorphism at position nt 1,034 of the chicken FMO3 cDNA sequence (accession number: AJ431390). Each hen was fitted with a leg ring marked with a unique identification number. A polymerase chain reactionrestriction fragment length polymorphism assay (Wang et al., 2012) was used to determine the individual FMO3 genotypes (AA, AT, and TT) at this position.
The frequency of AA genotype (1.59%) was far lower than that of AT and TT genotypes. A total of 84 genotyped hens, consisting of 12 hens of AA genotype, 36 hens of AT genotype, and 36 hens of TT genotype, were used in the study. For each genotype, hens were randomly allotted to one of the 2 dietary treatments, either the corn-soybean meal basal diets (SM, <0.15 mg/g sinapine) or this basal diet supplemented with 14% of RM, which contained higher levels of TMA precursor (0.73 mg/g sinapine). For AA hens, each group consisted of 3 replicates of 2 birds each. For AT and TT hens, each group consisted of 3 replicates of 6 birds each. Diets (Table 1) were formulated according to the nutrient requirements of the National Research Council (1994) .
Birds were allocated to 3-tier battery cages (cage size: 45 cm × 45 cm × 45 cm; 2 or 3 laying hens per cage) and exposed to 16 h of light/d with an intensity of 10 luxes (at bird-head level). The temperature was maintained between 22
• C and 26
• C throughout the experiment. Food and water were supplied ad libitum in mash form and by nipple drinkers, respectively. All hens remained in good health during the feeding period. No birds were culled, and none received medical intervention.
Sample collection
Three eggs from each replicate were collected at d 40 to d 42 of the trial period for TMA analysis. At the end of the feeding trial, one bird from each replicate was selected randomly and killed by exsanguinations of the left jugular vein by trained personnel. Cecal chyme was collected for immediate analysis of TMA. The other chyme samples were quick-frozen in liquid nitrogen and stored at −80
• C until processed for DNA extraction.
TMA determination
The TMA analysis in egg yolk and in the cecal chyme was performed by head-space gas chromatography as described previously (Yamazaki et al., 2007) , with minor modification. Yolk (∼1 mL) or chyme (∼1 g) and 1.17 g/mL KOH (5 mL) were placed in a vial. The vial was immediately capped with a Teflon-lined septum, kept at 30
• C for 20 min by ultrasonic treatment, and then kept at 40
• C for 30 minutes. The head-space gas (500 μL) was subjected to chromatography. The analysis was performed on a Bruker 450 gas chromatographer (Bruker Daltonics Inc., Billerica, MA) equipped with a flame ionization detector. The chromatographer was also fitted with a 30 m × 0.32 mm id fused silica capillary column coated with 0.25-μm films of DBWax (J&W, Folsom, CA). Operating conditions were set as 40
• C hold for 3 min, up to 180 • C (10 • C/min), and kept at 180
• C for 4 min; injector 200 • C, detector 250
• C, split mode (split ratio 10:1); hydrogen (carrier gas) 1 mL/min. DNA extraction, PCR amplification of 16S rDNA, amplicon sequence and sequence data processing Microbial genomic DNA was extracted from cecal samples using a Power Soil DNA Isolation Kit (MO BIO laboratories, Inc., Carlsbad, CA) following the manufacturer's instructions. This was used as a template to • C for 30 s, and with a final extension incubation at 72˚C for 10 minutes. The PCR product was excised from a 2% agarose gel following electrophoretic separation and purified using a QIAGEN Min Elute Gel Extraction Kit (QIA-GEN, Inc., Valencia, CA). The final sequencing library was prepared by mixing equal amounts of purified PCR products, followed by end reparation with the addition of a poly (A) tail. Thereafter, the amplicons were connected with sequencing adapters. Following agarose gel electrophoresis, suitable fragments were selected as templates for PCR amplification. Finally, the library was sequenced on the Illumina MiSeq (Illumina, Inc., San Diego, CA). Sequences with an average phred score lower than 20, ambiguous bases, homopolymer, primer mismatches, or sequence lengths shorter than 150 bp were removed. Only sequences with an overlap exceeding 10 bp and without any mismatches were assembled according to their overlap sequence. Reads that could not be assembled were discarded. Barcode and sequencing primers were trimmed from the assembled sequence.
Statistical analysis
For taxonomy classification, the trimmed sequence of each sample was compared to the Greengenes database (Release 13.8, http://Greengeness. secondgenome.com/) (Desantis et al., 2006) . Highquality sequences were uploaded to QIIME for further analysis (Caporaso et al., 2010) . All effective bacterial sequences were compared to the Greengenes database (Release 13.8, http://Greengeness. secondgenome.com/) (Desantis et al., 2006) . The sequence length was archived by QIIME. Shannon Index (based on genus level) was estimated as implemented in QIIME. Rank abundance curve was analyzed using Excel software, respectively. A heatmap was generated on the basis of the relative abundance of operational taxonomic units (OTU) using R (version 2.15; The R Project for Statistical Computing, http://www.R-project.org). For the comparison of beta-diversity among microbial communities, we used principal coordinate component analysis (PCoA) and Nonmetric Multidimentsional Scaling (NMDS) to visualize all OTU. The PCoA and NMDS plot of the cecal microbiota were based on the weighted UniFrac metric. Differences in bacterial communities between diet types and FMO3 genotypes were tested using analysis of similarity (ANOSIM) (999 permutations) on the similarity matrices obtained using the Bray-Curtis method.
The effect of genotype and diet on TMA concentration in egg yolk and cecal chyme, on bacterial community index (Shannon Index), and on the abundance of bacterial phyla and genera was statistically analyzed by general linear model (GLM) using SPSS 19.0 for Windows (SPSS Inc., Chicago, IL) at the end of each bioassay. A mean comparison was performed using the Duncan's multiple range test. Finally, Spearman correlation analysis was used to assess the correlation between bacterial abundance and TMA concentration of cecal chyme. P-values < 0.05 were considered to indicate statistical significance.
RESULTS
TMA contents in the egg yolk and cecal chyme
Yolk TMA concentrations were affected by diets (P < 0.0001), genotypes (P = 0.001), and their interaction (P = 0.012) ( Table 2 ). The yolk TMA concentration of TT hens fed with dietary RM supplementation at 14% was higher than that of the AA and AT hens fed with the same diet; it was also higher than that of all the control groups. Dietary RM addition increased TMA contents in cecal chyme (P < 0.0001), but genotype (P = 0.710) and its interaction with dietary RM (P = 0.162) did not affect the TMA contents in the cecal chyme.
Increased cecal bacterial diversity associated with RM diet
The microbial diversity (Shannon Index) of cecal samples of the RM-fed hens was higher (P < 0.0001) than that of the control SM-fed hens, while there were no significant differences among genotypes (AA, AT, and TT) ( Figure 1A) . Figure 1B shows a long tail in the rank abundance curves, indicating that the majority of OTU were present at low abundance in the cecal microbiota of hens. To measure the extent of the similarity between microbial communities, beta-diversity was calculated using the weighted UniFrac metric ( Figure 1C and D). Despite significant inter-individual variation, the cecal microbiota from hens fed the RM and SM diets could be divided into 2 different clusters according to the community composition using PCoA, and were separated clearly by NMDS. In addition, hens with different FMO3 genotypes did not exhibit distinct cecal microbiota structures. The results of ANOSIM were consistent with the beta-diversity results. Significant diet-related changes were detected between SM-and RM-fed groups (R-ANOSIM = 0.1516; P-valve = 0.014), while there were no significant changes among hens with different FMO3 genotypes.
Effect of dietary RM supplementation and FMO3 genotypes on cecal bacteria
The taxonomy of the cecal microbiota was assessed by taxon-dependent analysis using the Greengenes database. Twenty-four phyla, including 4 candidate divisions (WPS-2, GN02, TM7, and OD1), were found in the cecal microbiota of all samples; these included 9 significantly different phyla influenced by the diets. In total, sequences from the cecal microbiota could be classified into 229 genera. After eliminating the unassigned and uncommon genera, 83 genera were included in the subsequent analysis. Figure 2 represents a heatmap showing the correlation between dietary types and the abundance of selected genera. The heatmap shows the genus-level clustering according to the frequency within each sample; high and low abundance genera are colorcoded red and green, respectively. Consistent with alpha diversity indices such as the Shannon Index, clustering analysis of these genera highlighted the apparent differences in their distributions according to dietary types.
The cecal microbiota associated with different dietary types were compared to identify the specific bacterial taxa. A columnar diagram representative of the structure of the cecal microbiota and their predominant bacteria phyla is shown in Figure 3 . Significant differences in taxon among the 6 communities were observed. The most abundant phyla constituted 96% of all the obtained phyla ( Figure 3A) . Bacteroidetes was the most abundant bacterial phylum in all ceca for all genotypes, followed by Firmicutes, Proteobacteria, and Synergistetes ( Figure 3A) . The ratio of Firmicutes:Bacteroidetes was higher in RM-fed hens than those fed the SM diet (P = 0.001). Despite high interindividual variability, the abundance of Bacteroidetes in the cecal microbiota of SM-fed hens was significantly higher than that of the RM-fed hens (P = 0.0002). In contrast, a lower abundance of Firmicutes (P = 0.004), Proteobacteria (P = 0.006), Spirochaetes (P = 0.0001), Chloroflexi (P = 0.0002), Tenericutes (P = 0.002), and Acidobacteria (P = 0.002) was observed in the cecal microbiota of RM-fed hens. No differences were observed in the cecal microbiota of hens of all FMO3 genotypes fed on either diet (data not shown).
Eighty-three genera were analyzed to evaluate the dietary effects on bacterial genus. Of these 83 genera, 42 were affected significantly by diets, with significantly higher abundance in RM-fed hens than in SM-fed hens. Of the 42 genera, 13 belonged to the phylum Bacteroidetes, of which 8 (Fluviicola, Flavobacterium, Gaetbulibacter, Gillisia, Lutimonas, Maribacter, Muricauda, and Robiginitalea) Marinomonas, Pseudoalteromonas, and Vibrio) belonged to class Gammaproteobacteria, 4 (Desulfococcus, Desulfosarcina, Desulfovibrio, and Pelobacter) belonged to class Deltaproteobacteria, 3 (Arcobacter, Sulfurospirillum, and Sulfurimonas) belonged to class Epsilonproteobacteria, and 2 (Phaeobacter and Thalassobacter) belonged to class Alphaproteobacteria. Of the 42 genera, 7 belonged to the phylum Firmicutes, all of which belonged to Clostridia ([Ruminococcus], Blautia, Coprococcus, Dorea, Moryella, Butyricicoccus, and Ruminococcus). Two genera belonged to the phylum Actinobacteria and 3 belonged to the phylum Spirochaetes (Table 3) .
Correlation between TMA level in the cecal chyme and taxa of cecal microbiota
The correlations of TMA concentration with phyla and genera showing significantly different abundance in the cecal chyme of hens with different FMO3 genotypes fed SM or RM diets are shown in Figure 4 and Table 4 , respectively. At the Phylum level (Figure 4 and Figure S1 ), the abundance of Bacteroidetes showed a negative (P < 0.0001) correlation with TMA concentration, whereas Firmicutes (P = 0.001), Proteobacteria (P = 0.0001), and several low-abundance phyla [Chloroflexi (P = 0.001), Acidobacteria (P = 0.015), Chlorobi (P = 0.001), and GN02 (P = 0.011)] showed positive correlations with TMA concentration in the cecal chyme. At the family level (Table 4) , the abundance of most families of ceca bacteria in Bacteroidia class showed a negative correlation with TMA concentration. In contrast, the abundance of most families in Flavobacteriia class showed a positive correlation with TMA concentration. All genera showing significant differences in abundance belonging to Firmicutes, with the exception of the Veillonellaceae family, showed a significantly positive correlation with TMA in the cecal chyme (Table 4 ). All genera showing significant differences in abundance belonging to Proteobacteria, with the exception of class Betaproteobacteria, showed a significantly positive correlation with TMA concentration in the cecal chyme (Table 4 ). 
DISCUSSION
TMA is produced mainly by bacterial fermentation of choline in the cecum (Hobson-Frohock et al., 1973) . TMA levels in the cecal chyme of hens fed a high choline-containing diet (4,000 mg/kg) were significantly higher than the levels of hens fed a control diet (Dänicke et al., 2006) . Fishy-egg tainting caused by the RM diets in brown-egg layers has been attributed to the presence of sinapine in RM (Hobson-Frohock et al., 1977; Ward et al., 2009). Sinapine is the predominant form of choline found in RM, and it is an ester of choline and sinapic acid (Pearson et al., 1980) . By the action of microbiota in the cecum, sinapine is hydrolyzed to choline and then catabolized to TMA (Qiao and Classen, 2003) . In the current study, RM-fed hens showed higher TMA levels in the cecal chyme than those fed the SM diets, indicating RM diets increased TMA synthesis in the cecum. The cecal microflora responsible for TMA production might contribute to this enhancing metabolism of dietary sinapine to TMA in the gut. We then examined the effects of dietary rapeseed meal supplementation on cecal microbiota in laying hens with different FMO3 genotypes.
Diet is a major determinant of the composition and metabolism of gut microbiota, e.g., dietary macronutrient (carbohydrate, protein, and fat) level and ratio (Hooda et al., 2013; Deusch et al., 2014) , and dietary fiber supplementation (Middelbos et al., 2010) significantly influenced gut bacterial diversity and composition. Studies also indicated that cruciferous vegetables, of which rapeseed is an example, alter the diversity and structure of the bacterial community in human fecal bacteria-associated rats and human feces (Li et al., 2009) . Using the weighted UniFrac metric and NMDS, we showed a significant difference in the overall gut microbial community structure between SM-and RM-fed hens ( Figure 1C and D) . Compared with the SM diet, rapeseed meal is rich in many dietary components, such as glucosinolates, polyphenols, and condensed tannins (Cardona et al., 2013) , which are metabolic substrates for certain human gut bacteria. For example, in vitro studies showed that glucosinolates were utilized by several gut bacteria species, including Escherichia coli VL8, Enterococcus casseliflavus CP1, Lactobacillus agilis R16, and Bifidobacterium spp. (Luang-In et al., 2014) . Some bacterial species (e.g., Escherichia coli, Bifidobacterium sp., Lactobacillus sp., Bacteroides sp., and Eubacterium sp.) responsible for phenolics metabolism also were identified (Kutschera et al., 2011) . Therefore, constituents of the RM diet have the potential to influence the growth of certain gut bacteria in hens and to modify the ultimate composition of the bacterial community. In addition, the abundance of Bacteroidetes in RM-fed hens was significantly lower than that in hens fed SM diets. The presence of Bacteroidetes is concordant with a substantial amount of short chain fatty acids (SCFA), such as acetate and butyric acid, which may improve colonization resistance and inhibit bacterial growth by lowering the pH and redox potential in the intestinal lumen (Roberfroid et al., 2010) .
Studies in mice and humans showed that the ratio of Firmicutes:Bacteroides was important for optimum physiology and nutrition (De Filippo et al., 2010; Bervoets et al., 2013 ). An increase in fecal Firmicutes is associated with an increase in nutrient absorption or obesity, whereas an increase in fecal Bacteroidetes is associated with nutrient absorption reduction (Turnbaugh et al., 2006; Turnbaugh et al., 2007; Jumpertz et al., 2011 ). In the current study, despite high interindividual variation, a large and significant decrease in Bacteroidetes with concomitant relative expansion of Firmicutes and Proteobacteria was observed in RMfed hens. A corresponding significant increase in the ratio of Firmicutes:Bacteroidetes also was observed in RM-fed hens with no significant difference among the FMO3 genotypes (AA, AT, and TT). Numerous studies suggest that a high-fat diet increases the proportional representation of members of Firmicutes, while Bacteroidetes are decreased (Hildebrandt et al., 2009; Turnbaugh et al., 2009) . In the present study, the crude fat content of RM diets (3.67%) was higher than that of the SM diets (2.12%), which might lead to a higher ratio of Firmicutes:Bacteroidetes in the cecal chyme of RM-fed hens compared with that of SM-fed hens. It also can be speculated that constituents of RM diets have the potential to stimulate the growth of Firmicutes and decrease the abundance of Bacteroidetes, with a corresponding increase in Firmicutes:Bacteroidetes ratio (discussed later). Therefore, we suggested that a RM supplementation of corn-soybean diet would increase nutrient absorption or body weight. However, a causal relationship between changes in the Firmicutes:Bacteroidetes ratio and weight gain awaits further validation.
Bacteroides, Firmicutes, and Proteobacteria are the most common phyla in the cecum of poultry (Wei (Hooda et al., 2013; Deusch et al., 2014) , and dietary fiber supplementation (Middelbos et al., 2010) , can significantly influence gut bacterial diversity and composition. An early study by Nurmi and Rantala (1973) introduced the term "competitive exclusion." Several possible mechanisms can account for this phenomenon including physical occupation of a site, resource competition in a physical or chemical niche, or direct physical or chemical insulating of the potential colonist (such as phylum Firmicutes and Proteobacteria), which refers to a reduction in colonization by a particular phylum. We suggested that RM diets rich in sinapine induced an increase in the abundance of Firmicutes and Proteobacteria and a decrease in the abundance of Bacteroidetes. Recent studies showed that Firmicutes and Proteobacteria, which are the major TMA-producing bacterial phyla, contain the choline utilization (cut) gene cluster, which is completely absent from Bacteroidetes, a major component of the gut microbiota (Craciun and Balskus, 2012; Martinez-Del Campo et al., 2015) . Our data also indicate a significantly positive correlation of abundance of Firmicutes and Proteobacteria with TMA concentration in the cecal chyme, while abundance of Bacteroidetes negatively correlated with TMA concentration in the cecal chyme (Figure 4) . Thus, we concluded that Firmicutes and Proteobacteria were the main TMA-producing bacterial phyla in RM-fed hens. Abundance of some low-abundant bacterial phyla (Tenericutes, Chloroflexi, GN02, Acidobacteria, and Chlorobi) were also significantly higher in RM-fed hens than in those of SM-fed hens, and their abundance also showed a positive correlation with chyme TMA concentration. These phyla might also play an important role in TMA production. The cutC gene, which encodes choline-TMAgenerating enzymes, was acquired through horizontal gene transfer (Martinez-Del Campo et al., 2015) . Thus, not all the bacterial genera that belong to TMA-generating bacterial phyla (Firmicutes, Proteobacteri, and some low-abundance phyla) encode TMA-generating enzymes. For further analysis, the percentages of different genera in the treatment groups were analyzed using a GLM. We then studied the correlation of abundance of the significantly different bacterial genera and TMA concentrations in chyme. We found the genera that showed a positive correlation with TMA concentrations in chyme included (Table 4 ). In accordance with previous studies, based on the identified amino acids that are essential to the cutC active site (Asp216, Phe395, Cys489, Glu491, and Gly821) (Craciun et al., 2014) , Martinez-Del Campo et al. (2015) used the D. desulfuricans cutC amino acid sequence as a search query and distinguished cutC sequences from other Glycyl radical enzymes. The hits were found only in class Gammaproteobacteria and Deltaproteobacteria in phylum Proteobacteria and class Clostridia and Bacilli in phylum Firmicutes. Thus, we inferred that Sulfurospirillum, Sulfurimonas, Phaeobacter, and Thalassobacter [class Epsilonproteobacteria and class Alphaproteobacteria] related to sinapine-choline metabolism or they are not present in human stools so that Martinez-Del Campo et al. (2015) had not found them. Martinez-Del Campo et al. (2015) also found that cutC was conspicuously absent from Bacteroidetes; however, in the present study, the abundance of most of the genera such as Fluviicola, Flavobacterium, Gaetbulibacter, Gillisia, and Lutimonas, Maribacter belonging to class Flavobacteriia and genus Slackia (class Actinobacteria) showed positive correlations with TMA concentrations in chyme. Therefore, they might also be involved in sinapine-choline metabolism.
In conclusion, our present study demonstrates that dietary rapeseed meal supplementation could increase bacterial diversity and modify the structure of the microbial community. Firmicutes and Proteobacteria were the major TMA-generating bacteria phyla found in RM-fed hens. The major TMA-producing bacterial genera could be from the genera that positively correlated with TMA concentration. This information will help to guide the development of strategies for reducing TMA formation in the gut and diagnosing the microbeassociated diseases.
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